A tetR family transcriptional regulatory gene (SCO1712) was identified as a global antibiotic regulatory gene from a Streptomyces interspecies DNA microarray analysis. SCO1712 disruption in Streptomyces coelicolor not only upregulated antibiotic biosynthesis through pathway-specific regulators when a previously identified pleiotropic downregulatory wblA was expressed but also further stimulated antibiotic production in a wblA deletion mutant, implying that SCO1712 might encode a novel antibiotic downregulator.
Streptomycetes are well-characterized Gram-positive filamentous soil bacteria with a complex life cycle involving morphological differentiation. They are widely used as natural sources of a variety of commercially valuable enzymes and secondary metabolites, including antibiotics, antitumor agents, immunosuppressants, and enzyme inhibitors (3, 6, 8, 15, 16) . The regulation of secondary metabolite production in Streptomyces species involves multiple and parallel regulatory networks that are complicatedly intertwined and sensitive to both nutritional and environmental factors (2, 4, 19) .
Although several pathway-specific antibiotic regulatory genes have been identified based on their typical location within the biosynthetic pathway gene cluster, global antibiotic regulatory genes are more difficult to identify among the more than 300 annotated putative regulatory open reading frames (ORFs) present in the Streptomyces coelicolor genome sequence and still remain largely unknown in most Streptomyces species (1, 2) . Recently, so-called "-omics-guided reverse engineering" approaches, including comparative transcriptomics and proteomics, were successfully used to identify alterations in gene expression associated with the overproduction of secondary metabolites in industrial streptomyces strains (9, 10, 11, 12, 13) . Especially, interspecies genome-wide screening using S. coelicolor cDNA microarrays together with antibiotic-overproducing industrial strains of related streptomycetes led to the discovery of putative global downregulator genes affected by unidentified mutations in the industrial strains (9, 14) . Previously, we reported on the characterization of an unidentified novel downregulator gene via comparisons of gene transcription profiles using DNA microarrays (9) . Overexpression of this gene, which was identified as wblA (18) , inhibited the biosynthesis of doxorubicin (DXR) in S. peucetius as well as the production of antibiotics such as actinorhodin (ACT), undecylprodigiosin (RED), and calcium-dependent antibiotic (CDA) in S. coelicolor, suggesting that wblA and its orthologs act globally among streptomycetes as downregulators of antibiotic biosynthesis (9) . In this brief communication, we report the identification of another antibiotic downregulator gene from S. coelicolor, a tetR family transcriptional regulator gene named SCO1712, from further analysis of the previous interspecies DNA microarray results. We show that SCO1712 overexpression led to a significant reduction of antibiotic production in both ACT-producing S. coelicolor and DXR-producing S. peucetius. In addition, SCO1712 disruption in S. coelicolor not only upregulated antibiotic biosynthesis through pathway-specific regulators in the presence of the wblA transcript but also further stimulated antibiotic production in a wblA deletion mutant, implying that SCO1712 might encode a wblA-independent antibiotic downregulator.
Although SCO1712 was not initially selected among the previously identified 160 S. coelicolor potential candidate genes affecting DXR production (9), its ortholog in S. peucetius exhibited more than a 4-fold decrease of transcript levels in the DXR-overproducing mutant strain in a repeated microarray analysis (see Fig. S1A in the supplemental material). In addition, the culture time-dependent comparative microarray analysis revealed that SCO1712 expression is considerably lower in S. coelicolor M145, which produces abundant ACT, than in S. coelicolor J1501, which produces relatively little ACT (see Fig.  S1B ). SCO1712 encodes a 205-amino-acid (aa) protein with an N-terminal TetR family helix-turn-helix (HTH) DNA binding domain (see Fig. S2A ). To determine the in vivo biological significance of SCO1712, it was cloned next to an ermE* promoter in a Streptomyces-Escherichia coli shuttle expression vector, pSE34, followed by interspecies transformation into both S. coelicolor M145 and the S. peucetius industrial mutant. As shown in Fig. 1A , a noticeable decrease in the blue-pigment antibiotic ACT was observed in the SCO1712-expressing S. coelicolor in plate culture, though the previously identified SCO3579 (wblA) had a stronger inhibitory effect on antibiotic production. The SCO1712-expressing S. peucetius industrial mutant also displayed more than 3-fold less of the red DXR pigment during growth in liquid medium as well as in plate cultures (Fig. 1B) , suggesting that SCO1712 may be another downregulator that broadly functions to inhibit antibiotic biosyn-thesis in streptomycetes. Since SCO1712 is the third ORF of a putative translationally coupled three-gene operon (http: //streptomyces.org.uk/), the other two upstream ORFs, SCO1713 (encoding a 34-aa hypothetical protein) and/or SCO1714 (encoding a 189-aa possible secreted protein with unknown function), might also be involved in antibiotic regulation. However, overexpression of SCO1713 and/or SCO1714 failed to downregulate blue-pigment ACT biosynthesis in S. coelicolor (see Fig. S3 ), implying that the in vivo biological effect of SCO1712 as an antibiotic downregulator does not seem to be directly related to the functions of SCO1713 and/or SCO1714.
Although in silico sequence analysis of SCO1712 as well as its overexpression in both S. coelicolor and the S. peucetius industrial mutant was consistent with its downregulatory role in antibiotic biosynthesis, we sought to confirm the in vivo function of SCO1712 using a gene disruption approach (5) . SCO1712 carried by the StI11 cosmid was replaced with an apramycin resistance/oriT cassette, generating pStI11⌬1712 (http://streptomyces.org.uk/), which was introduced into S. coelicolor M145 by conjugative gene transfer (Fig. 1C) . Construction of the SCO1712 mutant (named S. coelicolor M145-⌬SCO1712) was confirmed by PCR analysis. The expected size of 0.6 kb for the PCR-amplified bands was observed in genomic DNA samples isolated from S. coelicolor M145, while a band of the expected size (1.9 kb) was observed in genomic DNA samples isolated from S. coelicolor M145-⌬SCO1712 (Fig. 1D) . Moreover, the two different theoretically calculated NcoI digestion patterns were observed in Southern hybridization with S. coelicolor M145 and S. coelicolor M145-⌬SCO1712 (Fig. 1E) , implying that SCO1712 was specifically disrupted as expected. Both S. coelicolor M145 and S. coelicolor M145-⌬SCO1712 mutant strains were cultured on modified R5 plates as well as liquid medium for production of both ACT and RED, followed by visual observation of the plates and antibiotic measurements from the liquid cultures using UV spectrophotometric quantification (7). SCO1712 seems to affect morphogenesis, with aerial hypha formation initiation earlier in the SCO1712-disrupted strain than in the wild type ( Fig. 2A) . Although a slight reduction and delay in pigment production were observed in the plates of the wild type compared with the SCO1712 deletion mutant ( Fig.  2A) , approximately 62% more ACT and 22% more RED were observed in the S. coelicolor M145-⌬SCO1712 mutant strain than in the wild type under the same liquid culture conditions (Fig. 2B) , providing strong evidence that SCO1712 is indeed another global downregulator of antibiotic biosynthesis in Streptomyces species. Since SCO1712 was cloned under the control of the constitutive ermE* promoter in an integrative pSET152 vector for complementation of the mutant 1712 strain, the expression levels were likely much higher than would have been seen in the wild type. That was probably the main reason that much lower levels of actinorhodin were observed in the S. coelicolor M145-⌬SCO171 strain containing the p1712 construct than in the wild type (Fig. 2B) . The mutant 1712 strain was also functionally complemented to show reduced ACT production on the plate culture (see Fig. S2B in the supplemental material). To determine whether the noticeable change in antibiotic production upon gene disruption of SCO1712 from the S. coelicolor chromosome was controlled by pathway-specific activators, total RNA samples were prepared RT-PCR analysis of pathway-specific genes and the pleiotropic regulatory genes wblA and SCO1712. The amounts of total RNA samples from the two strains were measured to be equally present for comparable RT-PCR analyses. Assays in top panels were performed using samples isolated at 39 h (upper) and 78 h (lower). Lanes 1 and 2, actII-ORF4; lanes 3 and 4, redD; lanes 5 and 6, redZ; lanes 7 and 8, cdaR; lanes 9 and 10, wblA; lanes 11 and 12, SCO1712; lanes 13 and 14, rRNA genes. Odd-numbered lanes labeled w, RT-PCR with total RNA from S. coelicolor M145; even-numbered lanes labeled Ϫ, RT-PCR with total RNA from S. coelicolor M145-⌬1712 mutant. The assay in the bottom panel was performed using samples isolated at 78 h. Odd-numbered lanes labeled w, RT-PCR with total RNA from S. coelicolor M145; even-numbered lanes labeled ϩ, RT-PCR with total RNA from the SCO1712-overexpressing S. coelicolor M145 mutant.
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STREPTOMYCES ANTIBIOTIC DOWNREGULATORY GENE SCO1712 3041 from S. coelicolor M145 and M145-⌬SCO1712 after 39 h (RED production period) and 78 h (ACT production period) of growth and used as a template for gene expression analysis by reverse transcription (RT)-PCR. Primers for RT-PCR were specific to sequences within the pathway-specific activator genes (see Table S1 ) and were designed to produce cDNAs of approximately 200 bp. A primer pair designed to amplify a cDNA from rRNA was used as an internal control. Transcripts were analyzed from the pathway-specific activator genes of the three major S. coelicolor antibiotics (i.e., actII-ORF4 for ACT, redD/Z for RED, and cdaR for CDA) and from the previously identified wblA. This analysis was carried out at least three times for each primer pair. Transcripts encoded by pathwayspecific activator genes such as actII-ORF4, redD/Z, and cdaR were all significantly increased at both time points from S. coelicolor M145-⌬SCO1712 (Fig. 2C) . As expected, an opposite transcription pattern was observed in the SCO1712-overexpressing S. coelicolor M145 strain (Fig. 2C) . Taken together, these results strongly suggest that SCO1712 has a global inhibitory effect on antibiotic biosynthesis and that this may be due to direct or indirect control of the pathway-specific activators. Interestingly, the transcript profile of wblA was increased in M145-⌬SCO1712 (Fig. 2C) , which is somewhat contradictory to the previous finding that wblA overexpression also causes a significant decrease in antibiotic production (9) . Although this is complicated by the fact that wblA and SCO1712 genes appear to have similar antibiotic downregulating functions, the tetR-like SCO1712 protein might be able to repress the expression of wblA in a yet-unknown regulatory cascade. Since the transcripts of pathway-specific regulator genes were increased due to the SCO1712 gene disruption even in the presence of the wblA transcript, however, these RT-PCR results also strongly suggest that the effect of SCO1712 on actII-ORF4, redD/Z, and cdaR in S. coelicolor is believed to be indirectly related to, yet does not require, the presence of wblA. Expression of not only wblA but also SCO1712 comple- mented the ⌬wblA mutant phenotype to delay ACT biosynthesis in the early culture stage (Fig. 3A) , suggesting that wblA is not necessarily required for SCO1712 to function as an antibiotic downregulator. To further verify the wblA-independent phenotype, SCO1712 was additionally disrupted in the S. coelicolor M145⌬wblA mutant strain, resulting in the S. coelicolor M145⌬wblA⌬SCO1712 double knockout mutant strain. There was no significant phenotypic difference observed between S. coelicolor M145⌬wblA and M145⌬wblA⌬SCO1712 mutant strains, and both seemed to exhibit less sporulation but higher ACT production than did the wild type in the plate culture (Fig. 3B) . While all three strains exhibited comparable growth patterns except for some extended lag phases observed in both mutants, in 9-day liquid fermentation cultures ( Fig. 3C) Fig. 3D ), implying that SCO1712 is not directly related to wblA function and is more likely to encode a wblA-independent antibiotic downregulator. Nonetheless, we cannot yet completely rule out the possibility that SCO1712 protein might also control wblA itself directly or indirectly. Once again, our results suggest that genome-wide screening using cDNA microarrays containing sequences from the S. coelicolor genome together with antibiotic-overproducing industrial strains of related streptomycetes may be an efficient approach to discover regulatory genes affected by unidentified mutations in the industrial strains. Moreover, sequential targeted gene disruptions of independently working downregulatory genes could provide an efficient and rational strategy for Streptomyces industrial strain improvement.
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